Abstract. Second mitochondria-derived activator of caspases (Smac) is a recently identified protein that is released from mitochondria in response to apoptotic stimuli and promotes apoptosis by antagonizing the inhibitor of apoptosis proteins (IAPs). Our previous study showed that ectopic overexpression of Smac sensitizes drug-resistant tumor cells to TRAIL-or paclitaxel-induced apoptosis in vitro. The present study was designed to explore the effect of the synthesized Smac N7 peptide in a human ovarian cancer cell line and xenograft model. The results showed that the single-agent Smac N7 had a non-cytotoxic effect, but it effectively enhanced TRAIL-or paclitaxel-induced inhibition of cell proliferation in a dosedependent manner, even in TRAIL-resistant A2780 cells. When Smac N7 was combined with TRAIL or paclitaxel in treating A2780 cell tumor xenografts, synergistic anticancer effects were achieved. Furthermore, the combination therapy caused less damage in normal tissues and more apoptosis in tumor xenografts compared with TRAIL or paclitaxel alone. Increased apoptosis was associated with the downregulation of XIAP, survivin and the increased activity of caspase-3, along with an increased amount of cleaved PARP. In conclusion, this Smac N7 peptide is a promising candidate for ovarian cancer combination therapy, and Smac may be the target for the development of a novel class of anticancer drugs.
Introduction
Abnormalities in the control of the execution of apoptosis, which contributes to enhancement of tumor progression and treatment resistance, are observed in many malignancies, including ovarian cancer (1) . Tumor cells often circumvent the apoptotic cascade and proliferate in the face of apoptotic stimuli, which facilitates tumor progression and metastasis (2) . Thus, targeting key apoptosis regulators with a goal to overcome apoptosis resistance of tumor cells has become the focus of extensive pharmaceutical research.
Two main pathways leading to apoptosis-associated caspase activation have been identified: the extrinsic and the intrinsic apoptotic pathway (3) . In the extrinsic death receptor pathway, apoptosis is initiated through the binding of death receptor superfamily proteins, such as TRAIL, to their respective cell surface receptors, leading to caspase-8 activation. In the intrinsic mitochondrial pathway, a variety of apoptotic stimuli, including anticancer agents, triggers changes in mitochondrial membrane permeability and the release of pro-apoptotic proteins including cytochrome c and Smac. Cytochrome c triggers caspase-3 activation through the apoptosome complex, whereas Smac promotes caspase-3 activation by binding to and neutralizing the inhibitor of the apoptotic proteins (IAPs) (4) .
The IAPs are a family of key apoptosis regulators, characterized by one or more baculovirus IAP repeats (BIR) (5) . Among them, X-linked IAP (XIAP), cellular IAP1 (cIAP1), cIAP2 and survivin, function to block death receptor and mito chondrial-mediated apoptotic pathways mainly by preventing the activation of procaspases and inhibiting the enzymatic activity of mature caspases. Evidence indicates that XIAP, survivin, cIAP1 and cIAP2 are overexpressed in human tumor tissues and their downregulation confers an apoptosis enhancement effect in chemoresistant human cancer cells (6) . Smac interacts with IAPs, such as XIAP, CIAP-1, and CIAP-2, at the level of the BIR domains via its N-terminal AVPI terapeptide binding motif, thereby eliminating the inhibitory effects of IAPs on caspase-3, -7 and -9 (7) (8) (9) . Smac peptides as short as 4-residue (AVPI), derived from the Smac protein bind to the recombinant XIAP BIR3 domain protein with the same affinities as the mature Smac protein (9) . Previous studies have demonstrated that the first 4-8 N-terminal amino acids of Smac fused to the Drosophila antennapedia penetration sequence, a carrier peptide, were shown to enhance the induction of apoptosis of diverse antineoplastic agents including paclitaxel, etoposide, 7-ethyl-10-hydroxycamptothecin (SN-38), TRAIL and doxorubicin (10, 11) .
Epithelial ovarian cancer (EOC) is the fifth most frequent cause of cancer-related death in women. The standard first-line therapy for ovarian cancer includes tumor debulking followed by chemotherapy treatment with paclitaxel, platinum-based agents, or combinations of both (12) (13) (14) . Despite the initial response to treatment, the majority of patients relapse and eventually progress to a chemotherapy-resistant state (14) . We previously demonstrated decreased Smac and increased XIAP expression in EOC tissues, and ectopic expression of Smac sensitized drug-resistant EOC cells to undergo apoptosis by TRAIL or paclitaxel (15) . In the present study, we synthesized a cell permeable Smac peptide and evaluated its effect on the in vitro and in vivo therapeutic efficacy of various chemotherapy agents, in an effort to provide a more effective antitumor strategy for EOC.
Materials and methods
Cell line and cell culture. The human ovarian epithelial cancer cell line A2780 was provided by Qilu Hospital Biotechnology Center of Shandong University. Cells were cultured in RPMI-1640 medium (Gibco/BRL, Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco/BRL) and incubated in an atmosphere of 5% CO 2 at 37˚C.
Design, synthesis and detection of peptides. The Smac N7 peptide and the control peptide (R-Smac N7) were designed by conjugating the N-terminal seven amino acids of Smac, AVPIAQK, which are critical for its binding to IAPs or the random arrangement sequence of Smac, KIPAQVA with the Drosophila antennapaedia penetration sequence and fluorescein isothiocyanate (FITC). All of the peptides were custom-synthesized by Sangon Biotechnology (Shanghai). The purity of the peptides as determined by high-performance liquid chromatography was >95%.
Cell viability assay. Cell viability rate was quantitated using a modified methylthiazol tetrazolium (MTT) colorimetric assay. Cells were seeded into 96-well culture plates (4000/well), allowed to adhere overnight, and then treated with different concentrations of TRAIL (Chemicon, USA) or paclitaxel (Bristol-Myers Squibb Co., USA) in the absence or presence of diverse doses of Smac N7 or R-Smac N7 for 24 h, respectively. At the end of each treatment, cells were incubated with 5 mg/ ml MTT (Sigma, USA) for 4 h and then mixed with dimethyl sulfoxide after the supernatant was removed. Cell viability was quantitated by reading the dye absorption (A) at 550 nm (A1) and 630 nm (A2) with an automatic multiwell spectrophotometer (Coda; Bio-Rad, Richmond, CA, USA). All the experiments were performed in triplicate and reproduced at least three times.
Flow cytometric analysis. Flow cytometric analysis was performed to identify the intracellular uptake rate of FITCtagged Smac N7 peptide and R-Smac N7 peptide. Briefly, A2780 cells (5x10 6 cells/ml) were planted in culture flasks. After most of the cells became adherent, the cells were treated with 10 µmol/l Smac N7 or R-Smac N7 for 24 h, respectively. All cells were collected and washed twice with phosphatebuffered saline after centrifugation, and intracellular uptake rates were determined by a flow cytometry assay (FACScan, Becton Dickinson, USA).
Animal tumor models and treatment. Female nude mice (BALB/c, 4-5 weeks old) were purchased from the Shanghai Experimental Animal Center (Chinese Academy of Sciences, Shanghai). The mice were housed and maintained under specific pathogen-free conditions according to the experimental animal guidelines. A2780 cells were harvested and re-suspended in RPMI-1640 media. A2780 cells (200 µl) (2x10 7 /ml) were injected into the right flank of the mice. Two weeks later, the mice were randomly assigned to six groups with 5 mice in each group. A total of 0.1 ml PBS, Smac N7 (12.5 mg/kg), TRAIL (10 µg/kg), paclitaxel (20 mg/kg), Smac N7 (12.5 mg/kg) + TRAIL (10 µg/kg), Smac N7 (12.5 mg/kg) + paclitaxel (20 mg/kg) were intratumorally injected seven times at an interval of 3 days, respectively. Tumor sizes were measured by length (l) and width (w) every 4 days, and the tumor volumes were calculated according to the following formula: Tumor volume = l x w 2 /2. The mice were observed daily for evaluation of their mental state, diet and stools. Twelve hours following the last injection, the mice were sacrificed, and the tumors, hearts, livers, kidneys and spleens were removed. Part of the tissues were fixed in formalin, embedded in paraffin and stained with hematoxylin and eosin (H&E), while others were frozen immediately in liquid nitrogen at -80˚C for the western blot assay. All animal studies were approved and carried out in accordance with the guidelines of the Experimental ethics review committee of Shandong University.
Western blotting. Cells or xenograft tumor tissues were lysed in lysis buffer. The whole cell extracts (30 µg/lane) were equally loaded on 10-12% SDS-PAGE gels and transferred to nitrocellulose membranes (Millipore, Bedford, MA, USA) using the Bio-Rad electrotransfer system. The membrane was blocked in Tris-buffered saline with 5% (w/v) nonfat dry milk, and then incubated with a primary antibody against XIAP, survivin, PARP (Cell Signaling Technology, Danvers, MA, USA), or Bcl-2, caspase-3, GAPDH, anti-FITC (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) overnight at 4˚C, respectively. After being washed and incubated with horseradish peroxidase conjugated second antibody, the proteins were visualized using an enhanced chemiluminescence (ECL) detection system (Pierce, Rockford, IL, USA). The bands were examined using a densitometer analysis system Flurochem 9900-50 (Alpha Innotech, San Leandro, CA, USA). Band density was analyzed using Bandscan soft- ware (Glyko, USA) and the results were expressed as a ratio of the protein of interest/GAPDH to correct for loading for each sample.
TUNEL detection of apoptotic tumor cells. TUNEL was performed with a Fluorometric TUNEL system (KeyGeen Biotech, Nanjing), following the manufacturer's protocol. Dissected tumors were rinsed with PBS for 5 min after incubation with proteinase K (18 µg/ml) for 20 min, and then blocked with fetal bovine serum for 15 min at room temperature. TdT reaction mix (50 µl) was added to the section and incubated in a humidified chamber for 1 h at 37˚C. Then the sections were rinsed with PBS and assessed using a fluorescence microscope. Cell nuclei with green fluorescent staining were defined as TUNEL-positive nuclei. Cell apoptosis was quantitated by counting the number of green fluorescence-positive cells in five random fields of view in each section at a magnification of x200.
Data analysis and statistics. The values are presented as means ± SD, and were statistically evaluated by analysis of variance (ANOVA). Statistical analysis was performed with SPSS software (version 13.0; SPSS Inc., Chicago, IL). P<0.05 was considered to indicate a statistically significant result in all cases.
Results
Cellular uptake of the Smac N7 peptide. Following exposure to 10 µmol/l of Smac N7 peptide for 24 h, the intracellular uptake of FITC-tagged Smac N7 in A2780 cells was 99.28% (Fig. 1A) , as confirmed by flow cytometric analysis (FCM). We then assessed the cellular uptake of Smac N7 using western blotting. After A2780 cells were treated with Smac N7 (10 µmol/l) for 12 or 24 h, cells were harvested and subjected to western blotting with anti-FITC antibodies. The synthetic Smac N7 peptide was successfully taken up into the cytoplasm of A2780 cells, and the uptake was most prominent after 12 h (Fig. 1B) .
Smac N7 peptide sensitizes A2780 cells to TRAIL-or paclitaxel-induced cell growth inhibition.
Our previous study showed that ectopic expression of the Smac gene enhanced the therapeutic potential of TRAIL or paclitaxel in ovarian cancer cells (15) . In this study, we explored whether the Smac N7 peptide has a similar effect. As shown in Fig. 2 , the results indicated that the administration of TRAIL or paclitaxel, but not PBS or Smac N7, resulted in cell growth inhibition in A2780 cells in a dose-dependent manner. Moreover, compared with cells treated with TRAIL or paclitaxel alone, significantly reduced cell viability was observed in cells treated with TRAIL or paclitaxel accompanied with Smac N7, respectively, and Smac N7 had a dose-dependent effect on TRAIL or paclitaxel sensitization in A2780 cells.
Co-treatment with the Smac N7 peptide potentiates TRAILor paclitaxel-induced tumor regression effect and apoptosis in A2780 cell xenografts in nude mice. Given the TRAIL-or paclitaxel-sensitizing properties of Smac N7 in vitro, we corroborated these findings in BALB/c mice bearing A2780 cell xenografts. A2780 cells were implanted into the right flank of nude mice. The rate of tumor formation was 100%, and the average time was ~12-14 days. On day 38 after implantation, the A2780 cell tumors of mice treated with PBS and Smac N7 reached 2021.74±123. 19 , respectively, which were significantly smaller than those treated with PBS or Smac N7 alone (P<0.05) (Figs. 3 and 4) . Noticeably, the combination of Smac N7 and TRAIL or paclitaxel resulted in a significant reduction in tumor volume compared with the treatment of each drug alone (P<0.05). Fluorometric TUNEL assay was performed to detect the apoptotic cells in the tumor tissues of nude mice. As shown in Fig. 5 , the apoptotic cells accounted for 41±7.65 or 53±6.29 in the TRAIL or paclitaxel-treated group versus 12.8±3.11 in the Smac N7-treated group and 10.6±3.0 in PBS control group (P<0.05), and the apoptotic cells accounted for 79.2±12.19 or 96±12.39 in the combination treatment groups (Smac N7+TRAIL or Smac N7+paclitaxel, respectively). These results suggest that Smac N7 alone had no significant apoptosis-inducing effect on A2780 cell tumor xenografts, but further enhanced the apoptosis induction by TRAIL or paclitaxel.
Smac N7 peptide reduces the cytotoxic effect of TRAIL or paclitaxel on vital organs of nude mice. Although paclitaxel has demonstrated clinical efficacy in most types of human cancers, adverse vital organ pathologies and toxicities continue to be of major concern. In our study, necrosis of mice skin around the injection point was observed in both the paclitaxel and Smac N7+paclitaxel treatment groups, but the range of skin necrosis seemed smaller in the latter group (Fig. 3) . We also carried out H&E staining of the transplanted tumors and the heart, liver, kidney and spleen of the nude mice. The karyomegaly, anachromasis, and karyokinesis appearance observed in tumor sections confirmed the formation of xenograft tumors. No obvious damage was found in the examined organs of the mice treated with PBS or Smac N7. Compared with TRAIL, paclitaxel showed severe cytotoxicity to the liver and kidney of mice. In particular, the damage to the mice treated with the combination therapy of Smac N7 and paclitaxel or TRAIL was markedly less than that experienced by the mice treated with paclitaxel or TRAIL alone. Notably, apart from the PBS-treated mice, the spleen of all tested mice displayed an enlarged volume with blood stasis and infiltrating mononuclear phagocytes (Table I) .
Smac N7 peptide increases TRAIL-or paclitaxel-induced caspase-3 and PARP activation and downregulates the protein levels of the IAP family.
To gain insight into the mechanisms by which the combination of Smac N7 peptide and TRAIL or paclitaxel exerts enhanced anticancer activity, we analyzed the effects of the combination therapy on caspase-3 activity and on the expression of XIAP, survivin and Bcl-2 in comparison with either agent alone. Evaluation of cell lysates revealed that the Smac N7 peptide had no effect on caspase activation and only a slightly downregulatory effect on XIAP protein expression, but potentiated TRAIL-or paclitaxel-induced caspase-3 activation as represented by increased levels of cleaved caspase-3 and PARP, as well as enhanced TRAIL-or paclitaxel-induced downregulation of XIAP and survivin in the xenograft tumor tissues (Fig. 6) . Notably, paclitaxel resulted in the downregulation of Bcl-2, but paclitaxel plus the Smac N7 peptide did not have an additive effect. Furthermore, no modification of Bcl-2 was observed in the TRAIL-treated tumor model.
Discussion
Our previous study showed that the disrupted balance of XIAP and Smac expression in EOC tissues, and ectopic Smac expression reversed the resistance to paclitaxel and TRAIL of EOC cell lines (15) . According to these observations, it was proposed that overexpression of Smac might be a potent strategy for EOC treatment by sensitization of tumor cells to chemotherapeutic drugs, yet this procedure has not been developed at the clinical level.
Based on reports that the suppression of apoptosis by the IAPs is primarily mediated either directly via their baculoviral IAP repeat (BIR) domains or indirectly through their ubiquitin E3 ligase RING domain, and that Smac through its N-terminal AVPI tetrapeptide binding motif interacts with both BIR2 and BIR3 domains of multiple IAPs to release the binding of IAPs to both initiator (caspase-9) and effector (caspase-3/7) caspases (16-18), we synthesized a cell permeable Smac peptide containing the N-terminal 7 amino acids of Smac and a Drosophila antennaaedia penetration sequence. The Smac N7 peptide appeared to have excellent cellular uptake and the amount of cytoplasmic accumulated Smac N7 in most cells peaked at 12 h after addition, as demonstrated by FCM and western blot analysis after 12 and 24 h of exposure.
TRAIL, a member of the TNF family, has been proposed as a cancer-specific therapeutic agent, for its rapid apoptosisinducing effect and non-toxic effects on normal tissues when Table I . Pathologic examination of nude mice after treatment: the H&E staining of the heart, liver, kidney and spleen. systematically administered (19) . Nevertheless, although TRAIL is well tolerated in patients, its single-agent efficacy is very limited and not all tumor cell lines respond well (20, 21) . Paclitaxel has emerged as the first-line therapy for EOC or recurrent EOC, however, its clinical application is usually limited by the dose-dependent toxicity and development of drug resistance (22, 23) . Therefore, combination chemotherapy is usually required to achieve efficacy at tolerable dosages. Herein, we demonstrated that even the A2780 cell line, which revealed resistance to TRAIL as shown by our previous study (15) , could be strongly sensitized by the addition of Smac N7 to TRAIL treatment in a dose-dependent manner. Co-treatment with Smac N7 had the ability to potentiate the cytotoxicity of paclitaxel, which offers the potential to broaden the efficacy of previously established therapies in EOC. However, we found that as a single agent, Smac N7 did not exhibit cytotoxicity. The non-cytotoxic effect induced by Smac N7 alone may be explained by two reasons. First, as demonstrated by western blot analysis, the expression levels of XIAP and survivin protein in A2780 cells are extremely high, which suggests that the Smac N7 peptide might not be sufficient to inhibit their antiapoptotic function. Second, recent studies have revealed that endogenous Smac protein is rapidly degraded after being released from mitochondria by the proteasome, and XIAP functions as an E3 ligase and promotes the degradation of Smac during apoptosis (24, 25) . Thus, it could be considered that XIAP promotes the degradation of synthetic Smac N7 peptide in A2780 cells.
Organ --------------------------------------------
Based on the response observed in vitro, we corroborated these findings in vivo. Short Smac peptides fused to a carrier peptide for intracellular delivery were shown to overcome the resistance of cancer cells with high levels of IAPs and to enhance the activity of anticancer drugs in a human glioma xenograft model in vivo (26) . Consistent with this study, our results revealed that in the A2780 xenograft models, intratumoral injection of the Smac N7 peptide combined with paclitaxel or TRAIL, caused an additional decrease in tumor load compared to each agent alone. The toxicity and side effects of antitumor drugs are always the focus of great concern to oncologists. In our study, the Smac N7 peptide exhibited no toxicity to vital organs, such as the heart, kidney and liver of nude mice; TRAIL showed very slight detectable damage, whereas the mice treated with paclitaxel showed poor general conditions, such as the decrease in immune function, and obvious damage to the kidney and liver. Notably, in the combination treatment groups, administration of Smac N7 did not reverse the lack of toxicity of TRAIL, and significantly reduced the toxicity of paclitaxel. In addition, except for the PBS-treated mice, the spleen of all tested mice displayed an enlarged volume with blood stasis and infiltrating mononuclear phagocytes. It could be hypothesized that the immune system is involved in the activity of the Smac N7 peptide, which was supported by a recently published report that a Smac mimetic elicited a proinflammatory cell death that was sufficient to activate adaptive antitumor immune responses in cancer (27) . We next explored whether the growth inhibition of A2780 cell xenografts after combination therapy was in part due to induction of apoptosis. Detection of apoptotic cells by fluorometric TUNEL assay demonstrated that Smac N7 alone did not induce apoptosis, while paclitaxel or TRAIL moderately induced apoptosis while the combination of Smac N7 and paclitaxel or TRAIL showed additive effects. The accumulation of cleaved PARP and caspase-3 in the treated A2780 xenograft tumor cells further confirmed the induction of the apoptotic process.
Concerning the mechanism of action of the Smac N7 peptide, several recent studies showed that this peptide enhanced the apoptosis-inducing effect of cytotoxic drugs through the rapid degradation of XIAP and survivin (28, 29) . In the present study, although the level of XIAP protein in A2780 tumor xenografts was slightly downregulated and the survivin protein level was not affected by Smac N7 alone, their expression levels were significantly downregulated following the combination treatment with paclitaxel or TRAIL. We hypothesized that this result was probably associated with the ability to reduce the protein level of XIAP by paclitaxel or TRAIL, which relieved the E3 ligase effect of XIAP on the degradation of Smac protein. Additionally, it should be noted that Bcl-2 expression remained unchanged in the Smac N7, TRAIL or the combination-treated A2780 tumor models. Paclitaxel reduced the expression of Bcl-2, but the co-treatment with Smac N7 did not have an additive effect. Collectively, these data provide strong evidence that XIAP and survivin are the primary cellular targets for Smac N7 in its synergistic interaction with paclitaxel or TRAIL.
In summary, our data showed that the combination therapy of paclitaxel or TRAIL in conjugation with the Smac N7 peptide offers a promising strategy for the treatment of human epithelial ovarian cancer. Administration of Smac N7 did not reverse the lack of toxicity of TRAIL for normal tissues, and the combination treatments of Smac N7 and paclitaxel allowed a reduction in the therapeutically active dose of paclitaxel for EOC. These effects are, at least in part, mediated by the reduction in XIAP and survivin expression. Therefore, the combination of the Smac N7 peptide with TRAIL or paclitaxel presents a promising strategy for apoptosis-targeted therapies of EOC and warrants further investigation. All protein lysates obtained from the xenografts were subjected to western blot analysis with antibodies against XIAP, survivin, Bcl-2, caspase-3 and PARP. GAPDH is shown as a loading control. As shown by band intensities which were determined by the OD value, combination treatment of A2780 cells with the Smac N7 peptide and TRAIL (B) or paclitaxel (D) enhanced the activation of caspase-3, as well as downregulated the protein level of XIAP and survivin. The bcl-2 protein levels in cells treated with TRAIL or TRAIL+Smac N7 exhibited no significant changes compared with the control and Smac N7 treatment group, while its levels in cells treated with paclitaxel or pac+Smac N7 were significantly decreased.
